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Mice. All mice were maintained on a C57BL/6 background. Generation of Gdf11 conditional knockout mice has been previously described (1). Cdx2-Cre male mice and CAG-Cre-ER male mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mstn null mice have been previously described (2) . Prx1-Cre mice were kindly provided by Youngkyun Lee (Kyungpook National University School of Dentistry, Republic of Korea). F66 mice have also been formerly described (3) . To analyze E18.5 embryos, Gdf11 flox/flox females mated with CAG-Cre-ER; Gdf11 flox/flox males were administered with 4-hydroxytamoxifen (Sigma) intraperitoneally at a dose of 0.7 mg/day for 3 consecutive days, starting from E7.5. To analyze young adult mice, 4-week-old male littermates obtained from the mating between CAG-Cre-ER; Gdf11 flox/flox males and Gdf11 flox/flox females were injected with tamoxifen (Sigma) at a dose of 75 mg/kg/day for 5 consecutive days. All animal studies were approved by the Institutional Animal Care and Use Committees at Seoul National University.
MicroCT analysis. MicroCT analysis was performed using Skyscan 1172, 1272, 1275 (Bruker-MicroCT), and inspexio SMX-90CT (Shimadzu) following the manufacturers' guidelines (method notes provided by Bruker). Skyscan 1272 was used exclusively for the representative images of T3 and L1 of newborn mice, which were taken with a pixel size of 4 m at 50 kV and 200 A through no filter. Skyscan 1275 was used to scan whole skeletons of newborn and E18.5 mice. Scans were performed with a pixel size of 10 m at 40 kV and 250 A through no filter. Skyscan 1172 was used to scan and analyze T3 and L1 of newborn and E18.5 mice. Scans were performed with a pixel size of 4 m at 50 kV and 200 A through no filter. Region of interest (ROI) for the vertebral bodies of newborn mice and embryos were obtained using the "ROI shrink wrap" function in CTAn (v1.17.7.2), a manufacturer-provided software. Skyscan 1275 was used with a pixel size of 10 m at 60 kV and 160 A through no filter for adult vertebrae, a pixel size of 10 m at 50 kV and 200 A through no filter for 10-week-old mouse tibias, and a pixel size of 10 m at 50 kV and 200 A through 1 mm aluminum filter for 5-and 6-week-old mouse humerus. ROI for the vertebral trabecular bone was initially set as a circle with 2 mm diameter. Subsequently ROI was determined automatically using the "ROI shrink wrap," "bitwise operations," and "morphological operations" functions in CTAn. Vertebral trabecular bones 0.5 mm away from each growth plates were analyzed.
For proximal and distal cortical analysis of tibias, 1 mm of bone (in height) was analyzed for each group. For humerus, trabecular bones from 0.2 mm away from the growth plate to the distal end of deltoid tuberosity were analzed. One mm of distal cortical bone of the humerus located below deltoid tuberosity was analyzed. Lugol's solution (Sigma) was used to enhance soft tissue contrast as previously described (4) . Images were reconstructed and displayed using manufacturer- Bone hisotomorphometry analysis. Calcein and alizarin red S labeling, von Kossa, and tartrateresistant acid phosphatase (TRAP) staining on tissue sections were performed as previously described with slight modifications (5) . For calcein and alizarin red S labeling, mice were first intraperitoneally injected with calcein green (15 mg/kg; Sigma) and subsequently with alizarin red S (60 mg/kg; Sigma) 4 days later, and were sacrificed 2 days after the final injection. Five m sections of L1 vertebrae and tibia were prepared after fixation, dehydration, and embedding in DXA analysis. Young adult male mice were anesthetized by inhalation of isoflurane (Aerane, Baxter) and were scanned using InAlyzer (Medikors). Images were generated through manufacturer-provided digital imaging software InAlyzer.
Osteoblast culture and differentiation. Osteoblasts were isolated from newborn mouse calvaria as previously described (6) . Briefly, calvaria was dissected and sequentially incubated in digestion solution containing 0.2% (w/v) type II collagenase (Worthington). Afterwards, the cells were pooled and cultured for 3 days until confluence in α-MEM containing 10% FBS and 1% penicillin/streptomycin. Osteoblasts were differentiated by the addition of 5 mM β-glycerophosphate (Sigma) and 50 g/ml ascorbic acid (Sigma) to the culture medium and half of the medium was changed every 3 days. Seven days after differentiation, cells were fixed with 4% paraformaldehyde and stained for ALP as previously described (7) . ALP activity was evaluated using StemTAG Alkaline Phosphatase Activity Assay Kit (Cell Biolabs) according to the manufacturer's recommendations. Fourteen days after differentiation, cells were fixed with 4% paraformaldehyde and stained with 2% ARS solution (pH 4.2, Sigma) for 15 minutes (8) .
Chondrocyte culture and maturation. Chondrocytes were isolated from newborn mouse costal cartilage as previously described (9) . In short, costal cartilage was isolated and sequentially incubated in 0.2% (w/v) pronase (Sigma) and 0.3% (w/v) type IV collagenase (Gibco) solutions.
The cells were pooled, seeded at high density (100,000 cells/cm 2 ), and cultured until confluence in DMEM containing 10% FBS and 1% penicillin/streptomycin. Chondrocyte maturation was induced by the addition of 5 mM β-glycerophosphate (Sigma) and 50 g/ml ascorbic acid (Sigma) to the culture medium. Seven days after differentiation, cells were fixed with 4% paraformaldehyde and stained for ALP as previously described (7) . ALP activity was evaluated using StemTAG Alkaline Phosphatase Activity Assay Kit (Cell Biolabs) according to the manufacturer's recommendations.
Cells were also stained with 1% Alcian Blue solution (Alcian Blue 8 GX, Sigma, in 0.1N HCl) for 30 minutes (10) .
Osteoclast differentiation and resorption assay. Splenocytes were isolated from newborn mouse spleen as previously demonstrated (11) with slight modifications. Briefly, newborn mouse spleen was gently crushed with the back of a syringe plunger, suspended in medium, and filtered.
After centrifugation, the cell pellet was dissolved in Red Blood Cell Lysis Buffer (Sigma), incubated for 5 minutes on ice, and washed by centrifugation with medium. The cells were resuspended in α-MEM containing 10% FBS, 1% penicillin/streptomycin, and 25 ng/ml MCSF (Peprotech), and cultured overnight. Subsequently, non-adherent cells were collected and plated at 50,000 cells/cm 2 in culture medium supplemented with 50 ng/ml MCSF and 50 ng/ml RANKL (Peprotech). Four days after differentiation, osteoclasts were fixed with 4% paraformaldehyde and stained for TRAP using The same method was used to reverse transfect non-adherent primary splenocytes (50,000 cells/cm 2 ) in culture medium supplemented with 50 ng/ml MCSF and 50 ng/ml RANL (Peprotech).
siRNA IDs are listed as follows: 14651-1 for siGdf11; 17700-1 for siMstn; 16323-1 for siInhba; 17125-1 for siSmad1; 17126-1 for siSmad2; 17127-1 for siSmad3; 17128-1 for siSmad4; 17129-1 for siSmad5; 55994-1 for siSmad9. The catalogue number for siCtrl is SN-1001-CFG.
Quantitative RT-PCR. Total RNA was extracted from cells using QIAzol Lysis Reagent (Qiagen), and cDNA was prepared using PrimeScript RT Reagent Kit (Takara) according to the manufacturers' protocol. Quantitative RT-PCR was performed using TB Green Premix Ex Taq (Takara) and StepOnePlus Real-Time PCR system (Applied Biosystems). Relative gene expression was determined using standard 2 (-∆∆Ct) calculations by normalizing to 18S rRNA.
Primers used in this study are listed in Table S1 . Western blot. Cells or tissues were lysed using Pro-Prep (Intron Biotechnology) lysis buffer supplemented with PhosSTOP (Roche) phosphatase inhibitor cocktail. The samples were denatured at 100°C for 5 minutes in sample buffer (Cure Bio) and separated on 10% SDSpolyacrylamide gels. The proteins were transferred to polyvinylidene difluoride membranes, blocked with 5% BSA for 1 hour and incubated with primary antibodies overnight. The primary antibodies used are listed as follows: rabbit anti-phospho-Smad1/5/9 (1:1000; #13820; Cell Signaling), rabbit anti-Smad1/5/8 (1:1000, sc-6031-R, Santa Cruz), rabbit anti-phospho-Smad2/3
(1:1000, #8828, Cell Signaling), and β-Actin (C4) HRP (1:1000, sc-47778 HRP, Santa Cruz). After incubation with horseradish peroxidase-conjugated anti-rabbit IgG (Invitrogen), signals were detected using SuperSignal reagents (Thermo Scientific).
Embryo analysis.
Alcian blue/alizarin red staining of E15.5 and E18.5 embryo skeletons were performed as previously described (12) . 
